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Abstract
Technology improvements have rapidly advanced medicine over the last few decades. New approaches are constantly being
developed and utilized. Anesthesiology strongly relies on technology for resuscitation, life-support, monitoring, safety, clinical
care, and education. This manuscript describes a reverse engineering process to confirm the fit of a medical device in a pediatric
patient. The method uses virtual reality and three-dimensional printing technologies to evaluate the feasibility of a complex
procedure requiring one-lung isolation and one-lung ventilation. Based on the results of the device fit analysis, the anesthesiology
team confidently proceeded with the operation. The approach used and described serves as an example of the advantages
available when coupling new technologies to visualize patient anatomy during the procedural planning process.
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Introduction

In recent years, medical advancements in diagnosis and treat-
ment of diseases have been closely associated with progress in
technology. Imaging capabilities have benefitted from im-
proved computing power and the development of systems
with faster scanning times and higher resolution. While in
the past, imaging modalities were primarily used for the eval-
uation of a patient’s anatomy and the diagnosis of diseases,

nowadays they can assist in planning of interventions such as
surgery and radiation.

Case study

We present a case of a pediatric patient diagnosed with
Niemann Pick disease type B and pulmonary (lung) alveolar
proteinosis. For the latter diagnosis, the patient needed to un-
dergo sequential whole lung lavage to improve pulmonary
function in preparation for possible hematopoietic stem cell
transplantation to treat her Nieman Pick disease. In pulmonary
alveolar proteinosis, lung surfactants (lipoprotein complexes
that reduce surface tension and help to keep the lungs expand-
ed) accumulate in the alveolar space, thereby reducing the
available area for gas exchange resulting in shortness of
breath, low blood oxygen levels and later respiratory failure
[1].

General anesthesia is required for sequential whole lung
lavage. The airway is usually secured with a double-lumen
endotracheal tube to allow lung isolation (separation of the
airways from the left and right lung). While one lung is con-
tinuously being ventilated, the other lung is subjected to re-
peated instillation of saline solution followed by evacuation of
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the instilled fluid [2]. The therapeutic goal of this procedure is
to wash out proteinaceous material in the lungs, which impairs
gas exchange. Lung isolation is critical as inadequate separa-
tion of the lungs would lead to spillover of saline solution.
Presence of large amounts of saline solution in both lungs
would present as drowning and lead to significant morbidity
and potentially death of the patient.

In adult patients, several lung isolation methods such as
double-lumen endotracheal tubes and bronchial blockers
(catheter with inflatable balloon attached to the tip) have been
described and are used in routine clinical practice [3]. Both
airway devices have been manufactured in smaller sizes to
accommodate children, but due to the small size of pediatric
airways, the smallest double-lumen endotracheal tubes can
usually only be used in patients 8 years of age and older.
This guideline is derived from pediatric patients that fall with-
in a spectrum of normal physical development. In our case, the
patient was 11 years old but diagnosed with growth delay and
short stature: her height and weight were 1.18 m and 24 kg,
respectively, corresponding to the 0.1 percentile for height and
0.43 percentile for weight. Based on this, we were concerned
that a standard 26 French (Fr) double-lumen tube may be too
large to be accommodated by the patient’s airway. The use of
a bronchial blocker was in theory possible, but while it would
make a conventional surgery feasible (for example any surgi-
cal resection of the non-ventilated lung), it did not support a
lung lavage for the following reason: during a lung lavage,
one lung needs to be continuously ventilated, while the other
lung requires lung isolation with a device that provides an
access port through which lavage solution can be instilled
and withdrawn (a double-lumen endotracheal tube). A bron-
chial blocker provides lung isolation but does not have an
access port.

The complexities of this patient’s diagnosis warranted an
alternative evaluation to ensure the procedure could be per-
formed safely and to minimize patient discomfort. Simulating
the procedure in a safe environment had the following advan-
tages: a) reduction of care team member stress on the day of
the procedure; b) reduction of the risk of damaging the airway;
and c) reduction of the risk of cancelling the procedure due to
the inability to secure the airway. The purpose of this work
was to confirm if a 26 Fr double-lumen endotracheal tube
could be used to successfully intubate this pediatric patient.

Methods

Procedural planning processes incorporate medical knowl-
edge, a patient diagnosis, and images of the patient’s anatomy
to formulate a medical protocol. For manymedical procedures
this is a routine process. Rarer cases with their increased com-
plexities raise the uncertainty of procedural outcomes. The
objective for this work was to develop an efficient

methodology that incorporates new technologies to reduce
the procedural uncertainties surrounding patient’s anatomical
size and the fit of a medical device. The newmethodology was
applied to a case where the medical team needed to confirm
the fit of a medical device for a challenging pediatric patient.

Constraints

Selection of an airway device by conventional methods was,
in our reported case, constrained by the patient and the proce-
dure. If an operation requires one-lung isolation in an adult
patient, multiple methods to secure the airway are available to
the anesthesiologist. For pediatric patients, the size of the air-
way presents limitations and precludes the use of some airway
devices. The procedure presented in this manuscript intro-
duced further constraints as some airway devices that could
typically be used in a pediatric patient would make the con-
duct of a lung lavage impossible.

The current standard to evaluate internal anatomical size is
by having a radiologist read the images from a patient’s scan.
The images are captured perpendicular to the patient’s body to
show a cross-section of the anatomy. The trachea does not
follow a plumb line from the mouth to the feet, but rather
slopes backwards toward the spine. Therefore, capturing mea-
surements through this method is inherently inaccurate be-
cause the anatomy runs at an oblique angle to the two-
dimension (2D) images. Due to the size of the patient for the
procedure presented here, the team could not confidently se-
lect a procedural method based off the radiologist reading.

Evaluation metrics

Traditional elements of procedural success are efficiency of
the procedure and patient outcome. For the purposes of this
evaluation we also considered the cost. At the time of this
publication, the developed techniques are not reimbursable
by insurance and therefore the cost of these services must be
supported by research funds or passed along to the patient.
The cost of these techniques is a critical driver towards hospi-
tal adoption and a barrier to entry; therefore, a hospital must
see a return on their investment. The opportunity to reduce
operating room time, reduce patient recovery time, or improve
surgeon confidence can significantly impact the cost of a pro-
cedure and are important reasons to include new technologies
into the procedural planning process.

Results

The results of this work include three components: 1) a pro-
cess that can be replicated to evaluate the fit of any medical
device in a patient, 2) a clinical review of the models to
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confirm the method, and 3) a financial review to support the
feasibility of the method.

Process

The first result of this work is a process that can be used to
evaluate the fit of a medical device within a specific patient’s
anatomy. The following description is described within the
context of our use case, as described previously. Anatomical
models of the trachea, bronchi, and lungs were created from
computed tomography (CT) images. The double lumen endo-
tracheal tube was reverse engineered to develop a computer
aided design (CAD) model of the device. Two feasibility stud-
ies were prepared to confirm the fit of the device within the
anatomy.

Anatomical model Computed tomography images were cap-
tured of the patient’s anatomy to create a model of the airways.
A Siemens CT scanner captured the patient’s chest without
contrast at a scan resolution of 0.5 mm× 0.5 mm× 3.0 mm.
The scans were segmented using Mimics (Materialise NV,
Leuven, Belgium). A threshold of −1024 Hounsfield unit
(HU) to −500 HU was applied to isolate the air volume within
the trachea and bronchi. The air volume was wrapped at two
thicknesses (0.5 mm and 1.5 mm) in 3-matic (Materialise NV,
Leuven, Belgium) to create the walls of the trachea and bron-
chi walls. A Boolean subtraction removed the air volume from
trachea and bronchi wall models. The ends of the models were
cropped to access the air volume within the anatomical region.
Models of the lungs and rib cage were segmented as solid
models from the CT images to serve as a reference point
during the procedure planning process.

Medical device model A 26 Fr left-sided double lumen endo-
tracheal tube was obtained from Teleflex Incorporated
(Research Triangle Park, NC, USA). The double lumen endo-
tracheal tube was reversed engineered to produce CAD
models in SOLIDWORKS (Dassault Systèmes, Vélizy-
Villacoublay, France). The blue and white cuffs (balloons)
on the device were modeled separately from the tube of the
double lumen endotracheal device. The visibility of the blue
and white cuffs will be toggled in the virtual environment to
evaluate the size differential between the tube, cuffs, and
anatomy.

Virtual reality environment The 0.5 mm thick trachea and
double lumen endotracheal tube models were aligned and col-
ored in Meshlab (ISTI-CNR, Pisa, Italy) and exported to stan-
dard 3D object (OBJ) files. The models were loaded into the
virtual reality based Interactive Multi-touch Table [4, 5] to
display the models. The head-tracked stereoscopic glasses
aligned the model to the visual perspective of the primary

user. The system was used to evaluate the feasibility of
inserting the double lumen trachea tube into the anatomy.

Three-dimensional printing The 1.5 mm thick trachea and
bronchi model were printed with a Stratasys (Eden Prairie,
MN) J750 three-dimension (3D) printer. The model was
printed with a material combination of VeroPureWhite,
AgilusClear, and VeroClear to create a pliable transparent
model to evaluate the fit of endotracheal tube inside the anat-
omy (See Table 1).

Clinical review

The second result is a clinical evaluation and procedural con-
firmation for the effectiveness of the process in addition to
conventional procedural planning methods. The patient’s air-
way model and double-lumen trachea medical device model
were evaluated twice in preparation for the procedure. The
first evaluation used the virtual replica of the patient’s anato-
my, while the second evaluation used a physical replica.

Evaluation The attending pediatric anesthesiologist for this
case met with the medical device team and walked-through
the airway in a 3D virtual environment. The 3D virtual envi-
ronment allowed free manipulation of the rendered double-
lumen endotracheal tube and patient’s anatomy.

First, the patient’s airways were measured. The 3D virtual
model was necessary to rapidly identify cross-section planes
perpendicular to the patient’s airway. The cross-sectional
planes were used to measure the anatomy at key locations.
The narrowest diameter of the airway measured 9.1 mm at
the trachea level and 8.1 mm at the left main bronchus level
(Fig. 1). The virtual measurements were compared to the 2D
in-plane measurements captured by the team. The comparison
confirmed that the anatomy was rendered at the same scale as
the patient and also confirmed the inaccuracy of the measure-
ments captured by the radiologist. The preliminary measure-
ments were compared to the measured endotracheal tube outer
diameter (8.5 mm at site that corresponds to placement in
trachea, 7.5 mm at site that corresponds to placement in left
main bronchus) were encouraging (Table 2).

Second, the endotracheal tube model was virtually intro-
duced into the trachea and bronchi passageways to confirm
the fit of the device (Fig. 2). During this fitting, the visibility of

Table 1 Material used to
make a 3D printed model Material Material Amount (g)

VeroPureWhite 12

AgilusClear 25

VeroClear 17

Support Amount 61
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the blue and white cuff models was toggled to compare the
tube and cuff diameters with the surface of the anatomy. The
virtual fit evaluation confirmed the double-lumen trachea tube
device would isolate the lung for the procedure.

Finally, the 3D model of the airway was printed which
allowed the simulated introduction of the real double-lumen
endotracheal tube (Fig. 3). In this last check-point, the airway
size also proved to be large enough to accommodate the 26Fr
double-lumen endotracheal tube.

Based on the virtual and physical evaluations, it was con-
cluded that the use of the 26Fr double lumen tube in this
particular patient was likely feasible and proceeded with the
planned sequential whole-lung lavage (Fig. 4).

Confirmation On the day of the procedure, a peripheral intra-
venous catheter was placed. The patient received midazolam
premedication and was induced with propofol and fentanyl.
After successful mask ventilation was established the patient
was given a neuromuscular relaxant (rocuronium). With the
help of a C-MAC videolaryngoscope (Karl Storz Endoscopy,
El Segundo, CA), a Cormack-Lehane grade 1 view was ob-
tained, and the 26 Fr double-lumen endotracheal tube was
placed according to manufacturer’s recommendations.
Passage of the lubricated tube was noted to be smooth without
resistance. Correct placement was confirmed by fiberoptic
bronchoscopy (Olympus Exera BF-XP160, Olympus

America Medical, Center Valley, PA). The blue and white
cuff were inflated according to manufacturer’s recommenda-
tions and the patient was ventilated with the following set-
tings: pressure-control, positive inspiratory pressure 24 cm
H2O, respiratory rate 18/min, positive end-expiratory pressure
5 cm H2O, inspired oxygen concentration 100%. A second
peripheral intravenous catheter and an arterial catheter for car-
diorespiratory monitoring were placed and the procedure was
started. Left lung isolation was successfully achieved, and the
ventilator was adjusted to account for single-lung ventilation.
A total of 5 L warmed 0.9% saline solution was instilled in
aliquots and consecutively removed. The patient tolerated the
procedure well. At the conclusion of the procedure, double-
lung ventilation was resumed, and the patient was brought to
the intensive care unit where she was extubated on postoper-
ative day #1. The patient underwent a successful right-sided
lung lavage 7 days later. The same lung isolation method was
used.

Financial cost

The third result was the cost to complete the virtual and phys-
ical evaluations. Healthcare costs across the United States
continue to rise and healthcare providers continually evaluate
the financial incentives of new methods. A financial analysis
provides the evidence to support the feasibility of this method.

The Bakken Medical Devices Center (BMDC) at the
University of Minnesota supported this case. Their tech-
nical expertise includes anatomical segmentation, reverse
engineering, virtual reality, and three-dimensional print-
ing. The BMDC is an at-cost service center. The complex-
ity of the task determines if a graduate student ($56.75 per
hour) or undergraduate student ($18.91 per hour) com-
pletes the project. Machine time includes either software
costs or physical machinery needed to complete the pro-
ject. The final cost to complete the process for this pro-
cedure was $1522.26 (See Table 3). The costs are depen-
dent on the size and complexity of the patient anatomy
modeled.

Table 2 Measurements of patient’s anatomy and the double lumen
trachea tube medical device to confirm the fit

Measurements Trachea Left Bronchi

2D plane measurements 9.8 mm 7.6 mm

Virtual measurements of patient’s anatomy 9.1 mm 8.1 mm

Diameter of double lumen trachea tube 8.5 mm 7.5 mm

Expanded diameter of white cuff 19.8 mm *N/A

Expanded diameter of blue cuff *N/A 14.2 mm

*N/A = not applicable

Fig. 1 Double lumen
endotracheal tube (left) and
computer-aided design (CAD)
model (right). The white and blue
cuffs can be expanded to isolate
each lung
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Discussion

Technology in medicine has for a long time maintained an
established role in diagnosis and treatment of diseases. In re-
cent years, progress in this field has accelerated significantly,
leading to new unique applications. The recent surgical liter-
ature features frequent examples of technology including dig-
ital design, 3D modeling, and 3D printing that are being used
for preoperative procedure planning and trainee education
[6–9].

Anesthesiology is a field that has been a leader and tradi-
tionally been advancing patient safety with the help of tech-
nological inventions. Examples include, but are not limited to:
the introduction of pulse oximetry [10] and capnography [11]
to detect respiratory problems; the use of transesophageal
echocardiography [12] to rapidly assess cardiac function and
aid the cardiothoracic surgeon in evaluation of a repaired heart
valve; and the implementation of advanced monitoring sys-
tems that utilize arterial waveform analysis within goal-
directed therapy protocols to improve patient outcomes in

Fig. 2 Virtual reality models of the trachea and lungs to compare multiple inner diameters of the trachea with the outer diameters of the double lumen
endotracheal tube
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the perioperative period [13]. More recently, near infra-red
spectroscopy is gaining increasing confidence in ensuring ad-
equate oxygen delivery to the brain and kidney and, the
bispectral index is being utilized to titrate sedative effects of
anesthetics.

The specialty of anesthesiology has so far been less visible
in the area of 3D-technology, but interest is increasing as
shown by recent publications. Pedersen et al. [14] developed
a 3D-printed bronchial tree simulator and compared it with
commercially available simulators for tasks including locali-
zation of right upper lobe bronchial lumen, bronchial blocker
placement and fluid aspiration. Study participants rated the
3D-printed model overall significantly more realistic com-
pared with the two commercially available simulators. In ad-
dition, the cost for the 3D-printed model was significantly
lower. Chao et al. [15] published a systematic review of the
application of three-dimensional printing technology in anes-
thesia. Their comprehensive analysis included the timeframe
of January 1990 to June 2016. Thirty-four articles met inclu-
sion criteria, 8 of which were related to the field of anesthesia.
In those 8 articles, authors described the use of 3D printing for
pre-procedure planning, preparation, education, and training.
Wilson et al. [16] were faced with a similar situation of a

pediatric patient requiring lung isolation for whole lung la-
vage. The group also utilized a 3D-print model to practice
various methods of lung isolation prior to the procedure.
Given the age of the patient (6 years), a double-lumen endo-
tracheal tube could not be used, and lung isolation was
achieved by placement of two separate single-lumen endotra-
cheal tubes and subsequent advancement of one single-lumen
endotracheal tube into the left mainstem bronchus. While our
patient underwent a similar procedure, this manuscript adds
the novel use of digital three-dimensional modeling and the
use of a virtual reality environment to assess lung isolation
methods.

The rationale for using virtual reality and 3D printing for a
single patient was to validate the use of each emerging tech-
nology. Virtual reality and 3D printing are complementary
technologies that can be leveraged in unique ways for medical
use cases. In this use case, the first advantage of using a virtual
reality model was to capture measurements of the anatomy
and compare them with the medical device. The second ad-
vantage was the ability to introduce the medical device into
the anatomy and analyze the cross-sections at key locations.
The cross-sectional views captured perpendicular to the air-
way showed if the medical device overextended into the tissue

Fig. 3 Virtual fit evaluation with
the double lumen endotracheal
tube placed inside of the trachea
model
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which could potentially have caused patient discomfort and
airway injuries. Furthermore, prior to the procedure, the at-
tending anesthesiologist was able to freely navigate the bron-
chial tree in a 3D environment which provided the opportunity
to become familiar with the anatomy and to recognize poten-
tial problem areas.

The 3D printed model provided additional benefits not
available with the virtual reality model. The primary advan-
tage was the ability to simulate the procedure and experience
the tactile response when introducing the medical device. The
tactile knowledge was transferred to the operating room for
real-time feedback that the procedure was going as planned.
We found the use of both technologies was important to in-
crease procedural confidence. We envision a future where
virtual reality and 3D printing technologies are standard to
plan every procedure.

Fig. 4 Fit evaluation using a 3D-
printed model of the patient’s tra-
chea and the proposed 26 Fr
double lumen endotracheal tube
from the manufacturer

Table 3 The costs for labor, materials, and machine use for the virtual
and physical trachea and bronchi model

Service Item Time (hr) Cost ($) Total ($)

Segmentation Labor 7 $ 56.75 $ 397.25

Machine time 7 $ 15.00 $ 105.00

CAD Labor 20 $ 18.91 $ 378.20

Machine time 20 $ 15.00 $ 300.00

Visualization Labor 3 $ 56.74 $ 170.22

Machine time 3 $ 15.00 $ 45.00

3D Printing Materials 1 $ 15.24 $ 15.24

Labor 1 $ 18.91 $ 18.91

Machine Time 3.5 $ 26.41 $ 92.44

$ 1522.26
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Our case illustrates the possibilities of preoperative plan-
ning by using computer simulation and true-scale models ob-
tained from patient imaging. The ability to evaluate feasibility
of airway management techniques in the safety of a simulated
environment greatly adds to overall patient safety. With re-
spect to our case in the field of anesthesiology, securement of
the airway is a critical step in patient management and, similar
to the take-off in the commercial airline industry, represents a
time period in which errors or unanticipated problems can
rapidly lead to morbidity and even mortality. The scheduled
procedure (lung lavage) required lung isolation for which op-
tions are quite limited in the pediatric population. Adding to
the complexity of the situation was the fact that our patient’s
height and weight, which directly relates to airway anatomy
and size, were small compared to children of similar age. The
ability to use our airway device of choice (double-lumen
endotracheal tube) in a virtual airway environment and in a
3D-printed airway model gave us assurance that its use would
be feasible in this patient. As the use of virtual reality technol-
ogy grows, we anticipate increased access to medical device
CAD models which will further reduce the cost of this meth-
od. If we had discovered that a fit was likely not achievable,
alternative routes of airway securement could have been eval-
uated in the safe simulation environment, thereby avoiding a
stressful situation on the day of the procedure, potential dam-
age to the airway and cancellation of the procedure due to
inability to provide the necessary airway isolation.

Our case study has several limitations. As described earlier,
the costs for the combined creation of an anatomical model, a
device model, a virtual reality environment and a 3D printed
airway model are currently high. Since this case was a pilot
feasibility evaluation, we decided to use all available technol-
ogies to gain additional experience with the overall process
and to assess the value of each component. As further inves-
tigations into this area are conducted, clinicians and investi-
gators may re-define the need for the different components. In
addition, costs will likely decrease as mentioned in the previ-
ous paragraph. Another limitation is related to airway tissue
pliability: cartilage rings found in the trachea and bronchi are
rigid, but the posterior part of the airway is formed by a flex-
ible membranous wall that results in expansion when subject-
ed to a distending force. At this point, tissue flexibility is
difficult to replicate in printed 3D models which should be
kept in mind when assessing the medical device fit.

In conclusion, our manuscript describes a successful pro-
cess to use 3D-modeling and 3D-printing technologies to con-
firm the fit of a medical device within a patient’s specific
anatomy prior to the procedure. With further advancements
in technology and reductions in material and production costs,
an appealing future prospect is the individualized evaluation
of patients with difficult anatomies that may include computer
modeling, 3D-simulations and 3D-models that can be used to
study different airway securement approaches without

endangering the patient’s life. The high fidelity and realism
is nicely depicted in a letter to the editor by Bustamante et al.
[17] where the authors show fiberoptic bronchoscopy pictures
from a patient’s airway compared to pictures from a 3D-
printed model.
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